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SUMMAR Y

Heat transfer and pressure distributions have been
made cn five vehicle ncse shapes in the VKI Longshot Iree piston
wvind tunnel at M=15 and 20, The flov parameters achieved closely
simulate aerodynamic re-entry conditions. The models used in
the study were a 50°-8° biconic configuration, with sharp~ and
blunt-nosed versicns and a sharp-nosed version with a machined
roughness, and a hemisphere configuration with a smooth anda
sand-blast rough surface., These configurations resemble the
stable shapes of turbulent and laminar ablating nose cones.

Preliminary comparisons have been made with thz stave-of-the art
engineering predictions, Some discussion about the state of
the boundary layer is included.
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1. INTRODUCTION

Many investigations of the heat transfer and pressure
distributions on re-entry nose shapes have been made in the past.
However little experimental data exists on models téntpd in truly
re~entry simulated conditions of high Mach number and high. Reynolds
number conditions., Measurements of heat transfer on smooth ahd
rough hemispherical and conical bodies will aid predictions of
the performance of tie ablacion method of heat protection.

A laminar ablating nose takes on a henlnpherxcal stable shspe.
In the turbulent case & biconic shape with roughly a 50? fore-

body with an 8° degree skirt is formed after a long period (Ref. 1).

Some of the outstanding problems necessary to prbdict
ablation recession rates, for instance, are involved with not
only verifying the theories used for heat transfer prediction dbut
also knoving the location of the transition of the laminar boun-
dary layer to a turbulent boundary layer om both smooth and rough
blunt forebodier, ’ -

The current state of the art techniques for predicting
laminar hest transfer rates over nose shapes (Re¢f, 1) involve
the use of the laminar stagnation puint correlation of fsy and
Riddell (Ref. 2) vwith a local similarity solution (Ref., 3).:For
turbulent flows then the reference enthalpy method of Eckert
(Ref. 4) or Spalding-Chi (Ref. 5) for flat plates is used or a |
calculation based on the Vaglio-Laurin (Ref. 6) correlation
vhich accounts for pressure gradients. . . .'

The models used in experimental study are cf two basic
types, a hemisphere and a 50°-8° biconic configuration, Both ;
smooth and an intermediate (lsnd-bialted) rougkness turface vas
used in the former case, For the bdiconiec thane both aharp- und
blunt-nosed smooth models were tested as well as a ahnrp-nosed
version with a very deep vaffle-iron-like roughness machined
into its forebody. Heat transfer and prenaura’distributians vere



‘ measured on these wodels in the M®=20 flow of the V, K.I,’Longshat

‘uanel, The aerodynamxc condztlons in "this wind tunhel nearly
aznulate the conditions actually obtained on a re-entering missile
during its most critical maxlnumeheatznq and deceleration ph&se.

. . The temperaturés at the ocutside eﬁg;szof the boundary
N : layers_?ormed on these blunt models are very high, ot the order
of’ 2000-2500°K, compared to the wall temperat:ire at ambient con-

ditions, These aerodynamic conditions .are beyond those previously
compared with the abo;e-mentioned predictions for heat transfer,
The gas in the boundary layer :is in a vibrationally excited state.
Béqauae of the hiigh temperajiure, the Reynoids numbers on the sur-
face are low, despiée the high Reynolds number of the stream,
Under such advanced and reslistic conditions achieved in these
tests, it will be possible to check the &bility of the current
theories to predict the heat transfer rate on nose cones ablasting

t in 8 high enthalpy stresm, '

2. EXPERIMENTAL APPARATUS

2.1 Models
; Pive 1nstruaented models fabricated and supplisd by
AVCO weve tested in the Lcngshot flov, These models were deri-
vatives of two basic shggas, one a biconic and tho other & hemi-

ek
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spher;cal aocdel. The hleoaxc nodel hu& & 50° halfoang Led cornical
forebody of 4 in surface length and an 8¢ hzlf-angled afterbody
ingding,to 8 T in diameter base, The hemisphere model nad &
dispeter of 7 in. )

The biconic shape vas tested in thrze forms. & sharp-

noged model with a smcoth wall (called model A in this report),
& sharpenoscd model with the forebody raughened with & waffle~

iron pattern machzned deepiy inte the surface (B} snd & blunt-
nosed sodei {¢) wzth & nose va&;us of 0,75 in and & smooth sur=
face, The han;sphere vas tested in two Torse, One a smooth nodel (D)
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and the other a model roughered with & sand<blasved finish (E),
Photographs of models B, C, D and P are shown in Pig, 1.

The models vwere fitted with pressure taps and heat
transfer gauges, vhese positions are shown in Fig., 2 and listed
in Table 1, PFor each mod2l tha meridisn containing the pressure
taps was at 180 degrees from the meridisn containing the hea®
fiux gauges. Becsuce 0 instrumentation limitations only 10 heat
transfer mezsurements and 7 pressure measurements could be nmade

in one Longshot test,

2,2 Heat trensfer instrumentsation

The flux gauges wvere fsbricated of 0.0CL in thick copper
disc bonded to an insulating heolder as shown in Fig, 3, A chromel-
alumel thermocouple junction spproximately 0.0015 inches in dia=-
meter was formed by spot welding the 0,001 inch diameter thermo~
couples to the backface of the copper disc. All gauges were con-
tourad to the local body configuration, The discs had a diameter
o2 0,125 inches excapt for the rough biconic model (B) which had

guuges vith disc diameterz of 0,110 inches,

Calibreation of typicel heat flux assemblies were ob=~
tained in the ABGC radisnt hest flux calibration faxility., The
purpose of the calibraticn wss to obtain, for a given set of
gtandard meterial properiies, the gauge assembly effective thicke-
ness %0 de used in the heut flux dats reduction znalysis, 0f six
gauges taezted the averege nominal percent devistion is & reduc-
ticn of S¥ in thickneas, aithough the naximuzx deviation varied

fruy +h,0% to «12,6% in thickness,

?O)r determining the calibration ractor of 2 gauge, the
following matericl properties, supplied by AVCO, of oxygen-f{ree
high conductivity copper znd chromel-alumel thermocouples were
vsed., Tha values vere averaged over a temperature range from

295°X %o 325°K,
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Density w 558 1b/re3 .
8pecific heat = 0,915 B,Th.,U/1b/°F s
dT/av = L4, 2°F/mV ’

Usipg Equation B,2 (Appendix B) the calibration cons-
tant for a calorimeter with a diasc of 0,004 inch thick will be

0,752 B.Th.U, / ny JTaking the 5% reduction in thickness into

»% ftlsec gec
éf account the calibration constant for a 0,00k inch thick gauge used

[

i

Ol ol

in the data reduction progremme (see Appendix B) was 0,715, Gauges

(ST
N

with disca of differing measured thickness were corrected propor-

tionally to that dimension.

Output signals from the calorimeter gauges vere genersally

A

recorded on Tektronix oscilloscopes using Polaroid cemeras, Four }
channels used some pre-amplification using D.C, amplifiers built

[T LT

F at V.K.I. Tvo channels used in tests on models A and B vere
ke recorded on & CEC oscillograph afier amplification by CEC D,C,
amplifiern, All this instrumentation was calibrated at frequent

intervals,
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Early tests were carried out in Longshot on gauges with
rtainlecs Btee)l celorimeters of 0,001 thickness supplied by AVCO,
““hese tests shoved the gauges to be fragile, The heat conduction

R
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losses to the thermocouple vires was expected to cause large
corrections to the theoretical calibration., These gauges wzre

diio, Sk

rejected in favour of copper calorimeters used throughout these tests,

I P
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2.3 Pressure instrumentation

The pressure taps nounted on the model had internal

§ diecmeters of in and channel lengths of in, The length
of rubber tubiug of internal diameter in connecting the
pressure taps to the transducer was in, The internal volume

6f the total pressure systems was small encugh to give & pneu-

aatic response time of less than 1 millisecond,

e ——




2,4 Measurements of the reservoir conditions

The reservoir pressure vas obtained using a Kistler
type 6201 gauge mounted in the wall. The signals were processed
and recorded using a Kistler charge amplifier and a Tektronix

oscilloscope fitted with a Polaroid camera,

The reserveoir tempersture vas measured with a tungsten-
25% rhenium vs, tungsten~3% rhenium thermocouple mounted in the
reservoir wall, The vire diameter used was 0,010 in with & total
length of approximately 0.5 in giving & response time from 5 to
10 milliseconds, Conducticr loss -3 had been assessed in previous
tests by using thermocouples with differing 2/d ratios, The mathod

of data reduction is described in Appendix A,

Typical traces from all the above-mentioned instrumen-

tation are shown in Fig. S.

2.5 Schlieren systenm

An 18 in conventiohsl, single pass Toepler gchlieren
system equipped with high quality optical components is used.
With the exception Oof one 2k in plane mirror to bend the light
90° (due to the vicinity of a wall near the test section) the
light beam takes & Z shaped path, A single spark light source
vith a spark duration of 1 microsecond is used to record the
visualization of the flov on either a polaroid or a sheet film,
The magnification of the system is approximately 0,25, A grid
nade of nylor line st 1 cm intervals is placed &t one of the
observation vindovs. A grid is thus placed on each schlieren
photograph. The lines are slightly out of focus, since the

schlieren systen is focusasd on the model,
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2.6 The Longshot wind tunnel

The teats were carried out in the VKI Longshot free-
piston wind tunnel (Ref. 7). A photograph of this facility iw
shovn in Fig. 3. Longshot wus designed Ly Pexry and his aeso-
ciates at Republic Aviation specifically foi the attainment of
very high Reynolds number at highk Mach numbers. It differs from
3 a conventionsal gun tunnel in that & heevy pistor is used to
f compress the nitrogen test gas to very high pressures and tem-
f perstures, The test gas is then trapped in & resgervoir at peak
: conditions dy the closing of a system of check valves &8 the

piston rebounds, The flow conditions decay monotonically during
4 10 to 20 milliseconds running time as the nitrogen trapped in
Ié the reservoir flows through the nozzle into the pre-~evacuated
7; open jet test chamber, The maximum supply conditions currently :
é available are 60,000 psi at 24L00°K. Norzzle throat inserts giving é
E nominel Mach numbers of 15 and 20 at the nozzle exit of 1k in )
diazeter vere employed in these tests, i

The rough-hemisphere model is shown mounted in its

test position in the Longshot vorking section. The shroud mounted
arvund the model is placed to prevent disturdances arising from
reflections of the flov from the back wall of the dump tank,

The shroud has been proved to be effective in preventingdistur-
bances in the test section occurring before 4O milliseconds

e 0 g gl B

after the peak conditions. Such disturbances were mentioned in
Ref. 8, The channel secticns sttached to the shroud lead to the
schlieren observation windovws, The model is shown mounted on a
sting attached to a quadrant traversing systenm,

|
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3. TEST CORDITIORS

The test conditions wvere computed for each run using
the Longshot data reduction prograname (outlined in Appendix A).
Table 2 summarises the tests carried out in Longshot. Measured
reservoir conditions and Pitot pressures at peak conditions are
given. Also tabulated are the calculated conditions of Mach
number, Reynolds number, dynamic pressure ard stagnation point
heat transfer on a T in diameter hemisphere, Three bazic test
section conditions were used throughout. These were & highad
& lov Reynolds number case at M=20, and & high Reynolds number
case at M=15, The lov Reynolds number cese, however, vas repea-
ted at several slightly differing conditions. This was done since
this conditions was tried for the first time during the tests,
and it was wished to make sure that the lowest Reynolds number

vas achieved without condensation occurring.

It is seen thaet there is reasonable repestadbility in
the data, Any discrepancies are as nuch due to the compression
cycle (since the pressure Geveloped is very sensitive to the
barrel pressure) &2 the scatter in messurement, The temperat.ire
is probably the least accurately messured. Some difficulties
occurred yvith the Pitot probe, since in the M=20 runs, the probe
vas located very close to the nozzle turbulent boundary layar,

In some cases this measurement is suspect.

Puller details of the test section conditions are given
for selected runs for each set of conditions (Ts«ble 3). The sym-
bols and units are explained in Appendix A,

P 10 s s Lo )i




ﬁgr—';tg— e T AT e oo = m N —

e il EEm- = ma: a3 pinil = =e- = = -
= EEESTSES & tise s Ao - Toa -

i e T

Wi s e

k. RESULTS

All measurementz of the pesak values nof beat transfer

GHaTH e

Fr—
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and pressure are tabulated in Tables 4 to 7 and Tables 8 to 11
respectively. Schlieren photographs of all tests are shov' in
Pig. 8. The results from eack mode)l configuration will be iis-

—
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cussed in the following sub-gections.

AT IF e i

k.1 Pointed smootk biconic model {A}

i

Exeminstion ¢f the s¢hlieren photographs of Runs 204

40 210 shovw that the bow shock remains attached to the nose for

B am T

all ceses., For the rero angle-of-attuck cases, the shock wave
angle is epproximately 7.5° to the surface vhich agrees to within
This irdicates thst the flow is

w1 Tt

il

Ll

o
% to the thesreticsl results.
superscaic behind the shock,
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At the a=£10 cases the shotck shape agein agrees with
(1]

the thecreticsl cone tables of Jones (Ref. 9) tc within 3 - This
is in spite of the fact that the tables have been extirapolated

to such an &xtent that they give subsonic conditions on the wind-
wvard surfaca. On the leevward surf-c=z, 3he flow is predicted to
remain in a superscnic condition. (It is interesting vo note that
for 6c>20°, the shock angle to the surface increases with increas-
ing Bc at these high Mach numbers, a reversal of trend found at
lowv 8 . This is due to the rapid increase of static temperature

on the cone surface with increauing ecJ This means that betwveen

the windvard surface and the leeward surface, the flov goes from
subscnic to supcersonic conditions, probably through a sonic line
similer to the flow around & yaved cylinder. The luminosity of

the flow seen on the wvindward surface of these bodies is due to

i

AR B A A AL, NI A A

A
i

sligkt contamipnants in the flow.
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2
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Figures ) to 14 shov the reduced pressure data in terms %

of the pressure scefficient cp - p/% pV2. Here the dynamic pres- %
oV2, at thz nose position is used. The results are shown §
£
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gure,
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coopared to the tangent~conz end Hewvtopiap theoriesz in which the

R T e o
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corrections outlirced iz Appendix C are zarried out. The value of

it
i

A

cp for the tvo theories for a 50° half-angle cone in e parsllel
?low is given b¥ that value at which the theories crosy “he s=0
ordinete. The results sre seen to agree witkin s few percent with

A A

AR

the tangent-cone theory which itaclf is rcughly 5% sbcve Newtonian
theory. Exceptions sre seen in Runs 209 and 210 ir which the first

THT T
b et ik

T P e

end third gauges give low veluer. It is thought that this is

caused Ly non-linear calibratios curves (see section 2.3). The

E resultr for measurements frox 0 to 10 msecs after the peak are

presented in these figures. e

Fig. 15 shov the heat tranafer rates at peak conditions
piotted sgalinst local Reynolds number for the zero incidence cases.
Three different heat transfer predictions are compared to these
resulis. These are the Eckert reference esnthalpy laminar theory,

B T g o

the Sommer and Short reference enthalpy and Spalding-Chi turbu-

lent theories. The formulae used in thesge predictions are listed

in Appendix C. It is seen that all the theories agree reasonadbly

i L b i g Lt L L
afil ot i o L i o
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well vith the experiments. The trend hovevér is best predicted

by the laminar theory. Also the turbulent theories do not ccmpare
vell with each other. The flow conditions on the surface of the

ARG s

cone as shown in the read out of the program at the end of Appen-
6'4 C are M=1,45, T _»2280°K and Reynolds number based on the gene-

o

N ittt T AT e el it b
R it R

rator length, 1.15!105. Thbe Reynolds number is low essentially
because there is a large increase in temperature of the flow over

the frea-stream condition with only a small chunge in density.
The tempersture is high snough that the gas at the edge of the

o

boundary layer is in a vidbrationally excited state. Furtheracre
these conditions are well outside the range of conditions that

Moo m
i
(LA AT o

these engineering theories were correlated. Even though the turdbu-

n
[t

e

ient thaories sre as close ¢to the experiment 23 the laminar theories,
since the Reynolds number is low and the rend is better predicted
by the Zckert vheory, the boundary layer is more likely to bde in

s lazminar state. Further discussion of this topic is given in

0 A s i 04 1

section 4.3 involvsd with tests on the blunt cone.
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Pigs. 16 and 17 show the effect of incidence on the
hest transfer rate, The agreement with laminar theory is fair on
the "leeward" surface but poor on the winédward surface, Hovever
&s mentioned earlier, the extrapclations of sone tables to these
concitions are particularly severe and mekes meaningless any

sttempt st meking conclusions.

4.2 Pointed rcugh biconic model (B)

The heat transfer distributions on the rough mniel are
shown plotted in Figs. 18-20. It is seen that there is =~ consi-
derable scatter of data along the model. The scattered heat trans-
fer rates &nd pressure measurcments (shown in Pig. 21) obtained
with this model indicate that there is appreciable viscous-invis-
cid interaction of the flow over the scnsors, vhich are buried
belov the tops of the roughness elements. The lowv values, for
instance, could occur if the sensors are in a separation region.
Excluding these lov values, the results show & definite trend
towards the turdbulent boundary layer theories. This is particu-
larly seen in the test at M=15 (Fig. 20) in which the laminar
and turbulent theories are more separated.

Several interesting features can be seen from the
schlieren pictures of Fig. 8, Runs 217 to 214. In all cases, the
bov shock remains attached to the nose. Shock waves emanating
fron the rouzhness elements can be seen in the shock region of
Run 21k, This M=15 case gave higher density levels than the other
cases, alloving the gradients to be seen more clearly.

.3 Blunt smooth bicomic model (C)

Fig. 22 shows the reduced pressure data in terms of the
pressure coefficient cp, for the pesk values of each of Run 284
to Run 287. Shown plotted are tha theories of Belotserkovskii
(Ref. 11) for the spherical nose, and the tangent-cone theory of
Appendix C for the cone surface. A dottel line shows the prodadle

pressure variation after the overexpansiorn region aft of the nose.
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It is seen that the pressure recoverz from the overexpansion
near gauge number L. The data for the zero incidence case and
the leevard surface agree very vell with the predictions shown.
However, for the vindward case, the measurements are somevhat
lover then the tangent-cone theory. This could bc caused by the
high cross-flow on this surface, enhanced by the subsonic flow-
field.

Fig. 23 shows the reduced heat transfer data, non-
dimensionalised by the measured stagnation point heat transfer
predictions for the zero-incidence cases, Run 284 and 287. The
results are compared with the laminar similarity theory o7 Lees
(Ref. 3) uncorrected for conicity effects and also the Eckert
reference enthalpy method. In these cases, the experiments agree
vell with these laminar theories. Also the stagnation point heat
traasfers for these ‘cases agree well with the theory of Fay and
Ridiell (Ref. 2). This lends support to the supposition that the
data on both the blunt and pointed cones are in fact laminar.

The heat transfer date for the yawed cone is shown in
Fig. 24 compared with a line dravn through the unyaved cone date
of Fig. 23. It is sesn that the heat transfer rates for the wind-~
ward side are much closer to the ze2ro angle of attack results
than those messured on the leeward side., This is a similar trend

a8 seen in the pressure distributions of Fig. 22.

The schlieren photographs in Fig. 8 for Runs 28k to 287
show similar effects to that seen in the photographs for the
pointed body except in the now detached shock at the pose. Simi-~
larly the shock shapes suggest that supersonic flov is found on

all surfaces except the windvard surface.
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L.% Bemisphere models (D,E)

ﬁﬁgure 25 shows the distridbution of pressure non-dimen-
sionaliscd by an estimated stagnation pressure for all five tests
on smooth and rough hemispheres and comparsed with the theory of
Belotsevrkovskii (Ref. 11) corrected for conicity. It is seen that
sgreement is excellent. The Pitot pressures have been plotted as
the hemispherc stagnation point value. It is seen that these pres-
sures are about 5% higher than suggested bty the hemisphere data.
These high readings may be expliained by the Pitot probe sensing
the pressure in the "overshoot" region of the nozzle turbulent
boundary layer region ac measured in Longshot previcusly in
Ref. 12. This can explain th. high degree of scatter obtained in
the measurements of Pitot pressure.

The heat transfer mezsurements for the smooth hemisphere
have been compared with the similarity theory of Lees (Ref, 3)

corrected for conicity and with a rough correction to align the
theory with the pressure curve of Belotserkovskii (Ref. 11) instead
of Newtonian theory (Fig. 26). The measurements wvere non-dimen-
sionslised with respect to the theoreticsal value of heat transfer
rate of Fay and Riddell (Ref. 2). Within 30 degrees of the stag-

nation peint, the measurements are seen to be considerabliy higher

ol

] than theory. These results are in disagreement with earliex mea-~

surementa on a wooden hemisphere model at M=15 reported in Ref. 8

and wvith the measurements on the stagnation point of model C.

R e R

A possible reason why the vooden model results gave a different

il

result than in these tests is that the calorimeter gauge was not

contoured to the surfece. It was arzsumed at the time that for

bt

.

these large model radii, the dise¢ contouring beccmes unimportant.
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However thia discrepancy io puezling. The differences are too

e A

great and are too coincidental to be expiained by uncalibrated =

ol
st

gauges. These gauges 2lso appearad not to be damaged or eroded

i during a shot. Possible suggestions are¢ tunnel contaminants or

free-stream turbulence, although this doea not explain why such
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good results were obtained widh the 0.7% in radius nose of model C,
After 30, then the resulis agree Yery well with the similarity
theory of Leet, thus indicating thet the flov is laminar.

Fig. 27 shovs the results of the rough model displayed
in a similar fashion to the amooth model data. Again very high
stagnation point heating ratea are obtained. High heating rstes
are seen also generally around the coné, whicb could be ascribed
to either turbulent flov or lamirar flow vndergoing mixing by
the roughness without going turbulent. The highest reiative heat
transfer rates are found in the M=15 case. This is the most likely

case that turbulent flov could ve promoted.

The shock stend-off distances from the nose of model.
¢, D and E, as measured from the schlieren pictures o Fig. 8
are shovn plotted in Fig. 28 and compered wiik fhe theory of

Van Dyke as presented in Raf, 19. The comperison is shown t2 be

very gosd.
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5. CONCLUSIONS

Tests have been carried out on 3 biconie and 2 henmi-
sphere models in an M=15 and 20 flow in the VKI Longshot. The
data has been compared, preliminarily, with simplified theories

to assess their cuality. The following conclusiona can be msde
from the comparisons.

1. Pressure data un 50° comes and hemispheres agree
very well with tangent-cone and the Belotserkovskii theory res-
pectively. An exception was found on the windward side of the 50°
blunt cone when lower pressures than expected were found. This
wves probably caused by cross-flov enhanced by locally subsonice

flow bahaviour, or due to the sevare extrapolation used in tha
theory.

2. High quslity =nd spatially smcoih heat transfer
data vas cbtained oa all wodels except the very rough biccnis
model. There is some dowbt as to vhether the cona data ig lsminar
or turdvulent due to the similerity in predictions of laminar aud
turbtulent theories at the Longshot flow conditions at ¥=20, The
evidence vweigis more heavily with the presence of laxinar flow
due mainly to the better prediction in trend of the axperimental
results by the Eckert referesnce ertlalpy method. Heast transfer
messurseents on the rough wmodels give good indications that
transition to turbulert flows has occurred, especially in the
M=15 caies.

3. S8tsgnation point hoat transfer on the blunt cone
agreed very vell with Fay snd Riddeil, but some discrzpsncies
aeve been found with the 7 is hemisphere rasults,

b, 8k-¢x ghapes or the conical modelas and shock stand-
off distences Irom the sphericsal capes 0f all the blunt=nosed
models sgree very well with prediations.




w 16 =

A general conclusion is thet useful laminmzz and tuzdu~
lent boundary layer heat transfer, prescure snd floy visualiza- .
¢tion data has been achieved on nose shapes in a flov simulating
aerodynamic re-entry conditions. a
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APPENDIX 4

A Short Descripticn of the Longshot

Data Keduction Programme

A computerised dats reduction programme nas ~een devised
by Richards, Culotta and Enkenhus and is in general use in Longshot.
The detuils will be writien up in a future report. It is appro-
priate to give a brief description of the method ir this report
for understanding the results,

In attaining very advanced test conditions, vhich simu=
late re~entry flight, the V,K.I, Longshot free-piston wind tunnel
displays some unusual festures, During a test, dense real nitrogen
is trapped in, and alloved to escape from, a constant volume
regervoir intoc a conical nozzle to provide & high Reynolds number,
high Mach number test flow, It has been shown theoreticallvy and
experimentally (Ref, 13) that the reservoir and test section para-
meters measured in Longshot can be described accurately by an
sxpiaential decay function, f, of the form :

I = exp (ag + a1t + ayt%) AL

vhere t is the time in millimeconds from the peak value of f,

All the measured reservoir end test section pressurns
and heat transfer rates* are curve fitted to this formula using
a least=squares method (Fig. A.1l). The differences between the
measured and re-generated values using equation A.,) ares found

to be within reading error,

The supply temperature is measured with & thermocouple
with a long time reaponae’. Use is made of a formula vhich connects
the tempersature explicitly with supply pressure (see Ref, 13)

. Actual iraces of reservoir pressure and temperature and Pitot

and well pregsures are shovn in Fig, 5,
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as it decays froz s constant vyolume reservoir to calculate the
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temperature variation backwards in time frcm a time when the

thermocouple is assessed to be giving the true temperature

|

(Fig, A,2), Conduction losses from the wire and radistion losses

o

from the gas are taken into account to assess the true supply
temperature, This difficult temperature measurement will be the
object of a further future report ty Richards and Eakenhus,

The test gas expands from the reservoir until it becomes
& perfect gas in the test section, The density of the gas during
the early stages of expansion is high envugh that freezing of the
internal energy mcdes does not occur and thus the expansion can
be considered as being in equilibrium, A concept of equivalent
perfect supply conditions, described in Ref, . is ueged to faci-
litate the calculation of the test flow paraneters,

Supplying the basic racorded oscilloscope or oscillo-
graph deflections and instrumentation calibration data Irom
Longshot's fast reeponse instrumentetion, the programme can cal=~
culate supply pressure and temperature, Pitot pressure and sur-
face heat transfer and pressure on models, If the two supply
ccnditions end a test section Pitot pressure is supplied, the

programme calculates the free streem conditions incinding Mach
number, Reynolds number and dynamic pressure (as described in
Ref, 1lU), the stagnation point heat transfer (Ref, 1 and as in
Appendix D) and the test gss condentation temperature (Ref, 15),

i
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A typical set of data obtained in this present series
of tests is shovn cn the next few pages,

il seis ¥ g

The first part of the programme for each measurement
gives the calibration constants and the trace deflections, Y
divisions (cm or mm) at equal time intervals (as indicated by T)

o
i

from an easily identifiable position on tha trace, Y RAW gives
the raw data, Y CORR the smoothed data, Except in the case of
the rzservoir temperature, the difference between Y RAW and Y CORR

l\"«m i i <UI'1’|'.«W
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is seen to be very small, Comparison of Y RAW and Y CORR urder
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reservoir tenpernﬁﬁ?a illustrates the extrapoclation method usead,
The values agree at the later times in the rune, vhen the thermo-
couple has reached its equilibrium temperature, Lat deviate

vastly in the early times shoving the slov response of the thermo-
couple, This difficnit measurement is the least sccuratz of those
made in the Longshot, but is considered to ve within an error of

5%,

The gsecond part of the programme ("quantities measured
in Longahoté) sumparises all the measurements at times from the
peak measured conditions using the appropriate curve fit of the
actual data to Iquation A,1, If a Piteutc pressure, ptz, is given
then for the wall pressures an extra rov, YP is given which gives
tLe pressure non-dimensionalized to thg dynamic pressure, 1/2 pVZ,

which is itself approximated using the formula :

1/2 pV2 = 0,543 p,

This formula is true for a perfect gas at hypersonic speeds, but
the Pitot pressure measured in Longshot is different from a per-

fect gas value by about 1% (the actual correction is given in

Fig., of Ref, ) due to the gas being vibrationally excited
behind the normal shock wave formed ahead of the Pitot probe,
Thus Y? is approximately 1% lover than the true value. This is
vwell within the limits of the measurements and since it is used

only as a rough guide, it has not been tho“ght necessary to make

the correction,

The third part of the programme ("Longshot test condi-
tiona") reads out at the time intervals from the peak the follovw-
ing variables : mesasured reservoir pressure, PO (psi); measured
reservoir temperature, TO (°K); measured Pitot pressure, PITOT
(psi); calculated Mach number; equivaleut perfect pressure, POP
(psi); equivalent perfect temperature, TOP {°K); Reynolds number
per ft; local freestream pressure, P (psi); freestream tempera-
ture, T (°X); freestream density, REO (sluga/ft3); stream velo-

city, V(ft/sec); dynamic pressure, QD (1lo/ft2); stagnation point

i
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heating on & 7 in diameter spherical surface, Q (Btu/ftZsec);
true stagnation temperature, TT2R (°K); snd the temperature at
wvhich condensation wvould occur at that free-stream pressure and
expansion rate, CONDENSATION (°K), These parameters adequately
define all the parameters necessary for application to predictive
procedures, Care should be taken in that the accuracy of the
values printed out should not be inferred from the six signifi-
cant figures shovn, The accuracy is controlled by the accuracy

[

of the messurements inferred in section 2,
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LONGSHOY TEST CONDITIONS, RUN NO.286 AT 7.5 IN, FROM NOZZLE EXIT,
AND 4,6, FROM CENTRELINE

T(MS) PO(PSH) To{K) PITOT(PSI)

MACH NO POP(PS1) TOP(K) RE/FT

P(PSI) T(K? RHO V(FT/SEC)
QN{LB/FT**2) BTU) TT2R(K) CONDENSATION

0.006 0,593082E 05  0,2u1827E 04  0,77641LE C1
19,946 0,701402E 05  0,312127E O4  0,291117E 07
0,149510E-01 0,38740LE 02 0,173726E~04  0.830540E 04
0.5991806 03 0,679880E 02 0,267115E O4  0.356669E 02

2,000 0,535447E 05 0,233888E 04  0,721249E 01
19 786 0,625396E 05 0,.298450E 04  0,286180E 07
0.140848E-01 0,376368E 02 0,168572E-04  0,812057E 04
0.555816E 63 '0,621384E 02 ©,252752E O4  0,354772E 02

4.000 O0.487051E 05 0,226723E 04 0,571268E 01
19.653 0,.5G2846E 05 0,286415E Q4  0,281271F 07
0,132779€-01 0.366010E 02 0,163L12E-04  N.795L4BE Ok
0.516987E 3 0,570995E 02  0,241631E C4  0,352868E 02

€.00n 0,L4G63G67E 05  0,220278E O4  0,625931E 01
19.548 0,511142E 05 0,275858E 04  0,276314E 07
0,1251206-01 0,356269E 02 N,158201E-04  0,780597E
0.481985E 03  0,527424E 02  0,232612E 04  0,350941E 02

8,000 0,412161E 05 0,214502E O4  0,584758E C1
19.472 0,468438E 05  0,266584E 04  0,2714L0SE 07
0.117814E-01 0,346957E 02  0,152957E-04  0,767324E 04
0.450297E 03  0,L89543E 02  0.225048E 04  0,348982E 02

o
E
i

L i b i S

9,999 0,383440E 05 0,209354E 04  0,547325E 01
19,427 0,433561E 05 0,258418E 04  0,.266766E 07
0.110799E-01 0,337869E 02  0,147719E-04  O0.755459E 4
0.421530E 03  0,456433E 02 0,218561E 04  0,346977€ 02

12.000 ©,359409E 05 0,204792E 04  0,513256c C1
19,408 O0,4O0L735E 05 0,251266E O4  0,.262216E 07
0.104120E-01 0,329141E 02  0,142496E-04  C.7u4922E O
0.395362E 03  O0.L27462E N2  0,212958E 04 0, 3L4ILLE 02

14,000 0,339418E 05 0,200786E O4  C.482216E 01
19,415 0,381018E 05 0,245053E O4 0,257739E 07
0.977699E-62 0,320768E 02 0,137297E-04 0.735657E 04
0.371521E 03 0,402118E 02 0,208123E 04  0,342885E 02

A 8 sttt e R bt et i

16.000 0,.322954E 05 0,197316E 0%  C,453910E 01
19,448 0,361691E 05 0,239712E O4  0.253328E 07
0.917379E-02 0,312737E 02 0.132135E-0k  N,727612E 0%
0.349775€ 03  0.379965E 02  9,203977E 04 0,.3L08N1E 02

17,999 0,309603E 05  0,194327E 04  0.428072E 01
19,506 0,346176E 05 0,235189€ C4  0,248973E 07
0.860166E-02 0.395039€ 02  0.127N20E-N4  0,720743E O
0.329918€ 03 0,36N0637E 02 0,200466E O  0,338695E 02

T ey

H.T. DECAY COEFF,.LAM, . -0,4748E-01 0.4800E-03
TURB, =-0.%995E-N1 O,&794E-N3 STAG -0,L560E-01 0,.5507E-03

o1 L UL e A
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APPENDIX B
Data Reduction of Cslorimetric Heat Transfer Data

As in the previous appendix, this data reduction pro-
gramme has been perfected in the last few months this time by
Culotta and Richards and will again be the subject of a future
report,

Calorimeter gauges are construcved of a thin disc of
copper bonded to an insulated holder, Thermocouples with a wire
diameter smaller than the thicknese of the disc are bonded (either
welded or soldered) to the back face of the copper disc, The
thermocouple senses the average temperature rise of the disc as
it heats in the test flow, The heat transfer rate, q, can then
be determined from the folloving equation :

av
1*X 3%
vwhere kc is the gauge calibration constant

dv/dt is the slope of the thermocouple output variation

with respect to time,

The calibration constant, K, is best determined expe-
rimentally using & rapidly applied and calibrated heat source,
Hovever, it can be cszlculated from knovledge of the calorimeter
thickness (b), the density (pd) and specific heat, (cd) of the
disc material and the thermocouple response parameter 4dT/dV,
using the following equation @

4T

It must be assumed hovever thet there are no heat
conduction losses to the holder or to the thermocouple, the disc
thickness is no%t changed by the velding or soidering of the thermo-
couple, the tempevature is uniform over the volume of the disc,
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The order ¢f magnitude of the time constant, 1, for %

the calorimeter may be asseased from

2
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a4d B.3

e 2x

" o
Lt At it 2o

where « 18 the thermal conductivity,

bty

For the testing of a model at rest in & steady flow,
equation B,1, is simple to apply for calculating the heat transe

=3

fer rate from the raw thermocouple output data, The heat trans-
fer rate wvould be expected to be constant and thus the output

i

will vary linearly with time, It is a simple matter to make a
linear least error fit to the deata points to achieve the measurs- §
ment. The method depends upon an assured knowledge of the vari- |
ation (but rot the level) of the heat transfer with time. in this

case it remains constant,

T T — "
b O .

For varying flow conditions alternative methods must
be found., More usual methods are to make a polynomial curve fit
to the rawv data and then to differentiate the formula thus ob-
tained, Often poor results are obtained, If a large order poly=-

T WAL O

nonial is chosen although an sccurate curve fit to the data is
achieved, the derivative can fluctuate wildly about its true
variation due to very small errors in reading the data. If a small
order polynomial is chosen to eliminate these effects, there is

& risk of losing important detail, In general, differentiating

& polynomial curve fit to dats is usually unsatisfactory,
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A nev data reduction technique has been devised which
uses an extra piec2 of information to allov the reverse, but more

s o
e q' Lttt

i

accurate process of the integration of equation B.l, The extra
information is the knovwledze of the variation (but again not the
level) of the heat transfur rate, given in the form of Equation
A.l, calculated Trom the calibrated test section from the Longshot
dats reduction progremme (Appendix A), Three engineering calcu-
lations of the heat transfer rate (i.e, the laminar and turbu-
lent heat transfer rate at a fixed position on & flat plate and
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the stagnation point heating rate on a sphere) are made in this
latter programme, and the coefficients a&; and a; of equationm B,1

are determined, These are read out at the very end of the Prograxme
a8 shown in Appendix A. Trial values of the heat transfer at zero
time (qt.o = ft-o = ¢*0) _re made and equation B,1l is integrated
with this complete information for q. The calculated transient
temperature variation thus obtained is compared with the measured
thermocouple output. The value of q(t.o) that provides the best
comparison of the temperature variations is ccnsidered the correct
value. The remainder of the variation of q with time is then cal-
culated and read out. The numerical integration is carried out
using a Runge-Kutta-Gill-Simpson routine and the search proce=
dure used converges very rapidly.

The above technique is analogous to thz =zthod described

above for dealing vith constant heat trzzsfer data, To surmarise,
in both methods an essumption is made about the variation (but
not the level) of the required parameter , in this case the heat
& transfer rate. There is no reason why this method cannot be ex-~
E tended to dats achieved from more complicated unsteady test
section conditions than in Longshot vhen an appropriate equaticn,

I

St A L A

analogous to equation A.l, must be used to describe the heat

transfer variation.

To illustrate the technique a typical output fromthe
computer is shown later. A.l and A.2 are the coefficients defining =
the slope and curvature data as read from the last 2inz in the

A A A

Longshot data reduction programme for the appropriate cace (i.e.

stagnation, laminar, turbulent heat transfer case), X1 and K2 are

the oscilloscope calibration in mV/cm or mV/mm and the gauge
B.Th,U, / nV

tt?sec sec
rate in B.Th.U/ft%sec at zero time at each iterat:un step until

calibration in . Q0 is the value of heat transfer

convergence is obtained. (It is seen that convergence is reached
almost immediately). Q(T1l) is the final value of heat transfer
rate at zero time (peak value), T is the time from peak condi=-

PR AT

tions in msecs, Y EXP is the measured oscilloscope deflection
(cm or mm). Y CALC is the equivalent calculated value with the
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best fit tu the measured data 48 outlined above, ERR is the
difference between Y EXP and Y CALC, {(This value is genc¥ally
within reading errors as c&r be seen in the example), Q is tbe

heat transfer rate (B,Th.U./ftZsec) at
gince the calculation starts at T = O, then EKR = O,

time T, For Q(T.) then

DATA REDUCTION OF CALORIMETER HEAT TRANSFER GAUGES, RUN 286, GAUGE O

Al=-0,49980E-01 A2= 0.48050E-03 Kl= 0.10100E 00 K2= 0.73200E 00

Q0= 0,.149792E 03
Q0= 0.149792E 03

CONVERGENCE

Q(T1) = 0,14979E 03

T
2.000
4,000
6.000
8.000

16.000
12,000

Y EXP
0.52000E 01
0.9.1000E 01
0.12000E 02
0.14900E 02
0.17500E 02
0.20000E 02

Y CALC
0.52586E 01
0.87635E 01
0.11959E 02
0.14884E 02
6.17572€ 02
0.20052E 02

ERR
0,58643E-01
~-0.3364L3E 00
~-0.40557€~01
-0.15230E-01
0.72757e~-01
0.52177E-01

Q
0.13580E 03
0.12359E 03
0.11291€ 03
0,10355E 03
0.95345E 02
0.88118E 02
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Prediction of Heat Transfesr Rate
on & Sharp 50° Half-aAngle Goune : !

01 ot el i

A computer programse vas written %y Rickards and
S8ischten to ocatimate the laminar &nd turdbulent flow sver a 50°
helf-sngle cone in a hypersonic conical flow, The equations used

bl Wi LA i g

are described below, . .

1. Cajculation of the test section conditions

The initisl data of the eguivalent perfect supply
b conditions (To)perf and {De;perf and the Mach number at an arbi- ‘ N
b trary, but knownposition, in the tunnel are supplied as basic . ' S

3 input data to the programme. These values are obtained from tie

Longshot dats reduction prozxramnme,

T h e
Uit iy ”‘“}.‘.1‘ i et

The test section conditions can then be obtained using
S

the perfect gao relations :

T, = To(1 + M2/5)"Y (%K) ’ 6.1 ;

T
W I J

~7/2 5 B

Py = Py(1 + M2/5) (1v/in?) = C.2
P; ' ! ;
py = 'RTL‘T (81u§/ft3) . C,3 ;;
o = AFF (£e/see) oocu 8
u; = Ma; {£t/sec) : C.5
93,527 1,3/2
u1 T, + 02,7 > 10 (fteec’ ‘ 046
prug 1 ! .
Re; = T (£e=1) SQ.T‘ .
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2, Calculation 'of 'inviscid flov over s cone .
The cone tables .of Janes (Ref, 9 ) foxr y=l,k were used

t¢ determine the conqitionl on & cone, For various angles of
atteck, the tables give !the parameters

)
H

T 2o le Pe 2 ! !
] s * ’
et '&1 p Y pl\lhz sinz 6 ec

as funct;ons o7 M and.; e . ﬁere the subecrlpt c denOtes the con-
ditions on the cone anrrace and subscript s the conditions at
the shock, The range of applzcab;lxty of Ref, is 1,5 < M < 20
and 5° <’ 8, < 40°, This means that for the model under test,

extrnpolatlons hed to be nade from 6 = 46°'to0 50°,

H

! H
; The tabulated values of the parameters listed above

vere rxtted to s quadratlc,pover series with M tnd 8 as the
1ndependent variables. The pver series wvas :

B
« N H

it = x1+azac+nse§+(Agensec+ase§)u+(A,+Aaec+Age§)u2 : Co8

The coerrzczentt Ay eee Ag vere obtained by 1n1t1311y fitting
quadratze: to three sets of dats in one, of the’ 1ndependent
varzable;. The latter coefficients thus obtaxned were_t L.en cross
fitted to quadratics in the. other independent variable to obtain
the tinsl values of the coeffi:ients, A .+« Ag, The technique
is.in effect & tvo-dimensional interpolation procedure,

; : ’
' _ Three subroutines were made each for the case of a=0
tnd-u-f10° (caslled SLE1, SLE2 and SLE3 r;spectively).

!

H . .
‘ , The pressure on the cone as calculated in this fashion

gives the tangent cone value, 'The modified Newtonian value of

pressure is given by p u;?sin?(e+a).
1

T P T O Lt




3. Calculation of conicity effects

Two primary corrections ar. necessary to account for
conicity., One is based on one~dimensionel flow considerations,
the other on two-dimensional flow considerations.

Regarding the first correction, consider a hypersonic,
conical, perfect gas flow. The energy equation for this flov is

2
hy = °pT1 + u;/2 c.9

vhere hy is the reservoir enthalpy and ¢

p is the specific heat
at constant pressure,

For hypersonic flow cpm, is very small compared to
hg, and thus u; becomes nearly constant. Nost of the internal

energy has been converted to kinetic energy, and the change in
Mach number comes mainly from a
change in a;.

change in T;, hence ¢

it bl .
(g

The continuity equation (p;U;A = constant, where A is
a stream tube area) then gives an expression for the density

O

variation, p, at any streamvise position, x, in a conical flow

] field :
£ u g-! C.10
o1
vhere o = A— a (1 + 2)° c.11
Ay L

here subscript 1 refers to conditions at a reference position,

Ln is the distance from the source point to this position.

Assuming an isentropic expansion : p/p; = o7
Equation of state : T/T; = oY

iy
Sound speed : a/s; = ¢

" s G
P . 0 e Wi B
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-1
Mach number : N/M; = o 2 C.lk

Equations C.10 to C.lh can then be used to calculate the stream
conditions at any longitudinal position in the expanding flow,
knowing the conditions at another position, Refs, and

have shovn that the Longshot flow in the nozzle is truly conical

with its source point located at the nozzle throat,

The gecond correction factor to account for conicity

ba = tan-1 L

arises since the flow angle changes by an angle, T
at a distance y, from the centre-line of the nozzle,and x dovi-

stream of the reference plane,

The application of these two corrections to determine
the conditions on an arbitrary position on & cone are carried out
using the interpolation equations (C.8) from the cone table data
using the folloving information for the basic parameters M and
ec and for the other freestream parameters, The freestream con-
ditions (including M) are taken as those that would exist at
the same position in the test section if the model vere removed,
The cone angle to be used to apply the interpolation equations
is taken to be ec - Aa. (For a model at zero incidence, referred
to the nozzle centre~line, the correct application of the tables
should be by using the values obtained on a cone of half-angle,
Bc. at an angle of attack Aa. Hovwever little improvement would
be made for this interpretation, since Aa is small compared to
ec). The method has been shown to work vell in the results and
digcussion of this report. The success is due to the cloteness
with which the bow=shock lies to the surface of the cone,

L, Heat transfer rate predictions

Laminar
Tha Eckert reference {(intermediate) enthalpy method

is used (Ref, L). The reference temperature, ¥ is given by :

>

&+
T =T + 0.5 (7, ~7T)+0.22 (1 ~-7T) C.15

f Um‘\h‘ mﬂ \w i
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The cquivalent perfect value of Tr ig used in the cal-
culation and hence the application of equation C,15 is equivalent
to applying the reference enthalpy method. Tr is obtained from :

+ 2
Tr = Tc . riuclacp C.16
vhere r is the recovery factor having a value of Pro's and Pr
is the Prandtl number taken to have a value of 0,715,

The incompressible skin friction formula used was the
Blasius equation :
c, = 0.661&/1/Re8 C.17
vhere cy is the local skin friciion and Re8 is the Reynolds
number at station s.

The heat transfer rate can then be caiculated from :

¢

@ =puc, 3 kg (Tr &w) C.18

vwhere p*

is the density atthe edge of the boundary layer calcu-
lated at the reference temperature T’, LR is the velocity at

the edge of the boundery layesr, kR is the Reynolds analogy para-
meter, ard ('1‘r - Tw) iz the driving temperature for the eguation,
ce is the skin friction at reference temperature conditions,

For leminar flow, k. is normally taken an pr-2/3

R
and ths skin friction coefficient, is calcuiated from equation 1T,

In this equation, the Reynolds numbez iz given by :

1 ! pcuc
Re' - i(Res) + = A48 C.19
M n=1 uc

kH is the Mangler tra.sformation factor, used to transform a skin

frietion lav from a two-dimensional to an axisymmetric case (the
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flow over an axisymmetric body has & thinning action on the

3

boundary layer), kH has & value of 3 for lamipar flov,

T

The term in the brackets is an accumulative Reynolds

PR

number, used in this varying flow field. (Res) ig the accu-
fiel

nulative Reynolds number &t the last computation step, As is

the step size. p: and ﬁ: are the dengity and viscosity of the

flow on the cones calculated at the reference temperature. u:

eyl i ,‘A.NWV ‘“;‘ T

is given by eauation C.6.

i

i

Iy

Ao b B
G i .g’. phidts

Turbulent
Two theories were used : the Sommer and Short refe-

rence enthalpy method (Ref., 17 ) and the Spalding-Chi method
(Refo 5)0

A S

L e
M A

The Sommer and Short method was applied in & very si-
milar fashion to the laminar Eckert reference method, However

the Sommer and Short reference temperature is given by :

‘r‘j”ly‘“.

* . 2 -
T Tc (1 + 0,035 M2 + 0.4S (Tw/Tc 1)) C.20

-

The turbulent recovery temperature is given by :
1/3 ,2
T, =T, ¢ (Pr) “¢/2°p c.21

The incompressible skin friction law used was the

Karmr.n-Schoenherr implicit ecauation (Ref. ) ¢

0,242
]
cf = log(aes ct"j 0.22

; 00557 cf'

: and cf n

0.557 + a(cr')ll2

' is the average skin friction coefficient and ce is the local :

gkip friction cosfficient. The &lLove simple equation is a best

e
o
|
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£it to the universsl skin friction curve,

There is much uncertainty about the value of the

Reynolds analogy factor, kR (sce Ref, Je An average valuecf

kR = 1,08 was chosen for this study, In the turbulent version
of equaticn C.19, the Mangler transformation factor, ko bas a

value of 2 (Ref, L),

The Spalding~-Chi method (Ref. 5) was applied by ob-
taining the localskin friction, Ces from the tabulated data
given in Ref., 5 using input values of Re8 (turbulent version of
equation C.19), Hc and T' = Tv/Tc‘ A quadratic series was used

to calculate Ct(Res)-

The heat transfer equation used was :

qv'?e“ccp 7 kg (T, -T,)

3

o i s s 3 1 i
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3 HEAT TRANSFER RATE OGN CONE, RUN 265, AT ©,0 MSECS FROM PEAK,
L ALPHA= 0,0 DEGREES, TiP AT 0.001N ABOVE CENTRE LINE

EQU!VALENT PERFECT CONDITIONS
. = 0,320483E 0% DEG K

PO =~ 0,685708E 05 PSI
M = 0,206050E 02
THETC = 0,500000E 02 DEG
™ = 0,295003E 03DEG K
PR = 0,715009€ 00

FREE STREAM CONDITIONS (11) AT TiP OF CONE

T = 0.395k62E 02 DEG K

P = 0,1427C0E-01 PS!

RHO = 0,16254K8E-0L SLUGS/FTwe3
U = 0,8416067E 04 FT/SEC

MU = 0,508279E-07 LB*SEC/FTee2
RE = 0,269140E 07

CONE CONDITIONS AT TiP (EQUIVALENT PERFECT)

[13 = 0,22781LE O4 DEG K
PE = 0,499599€ 01 PSI
RHOE -0.938358E~05 SLUGS/FTws3

W T RUHTER B e

= 0,1k4745E 01
NON-DIMENSTIONAL PRESSURE COEFFTS, NEWTONIAN= 1,173, TANGENT CONE= 1,2k9
SHOCK ANGLE TO SURFACEs 7,43 DEGREES
REAL GAS VALUE, CP =0,388LE 01

CALCULATION OF HEAY TRANSFER IN ZERO PRESSURE GRADIENT

REYNOLDS ANALOGY FACTOR = 1,100
REF. JTEMP,, ECKERT = 1464,1, SOM~SHORT = 1552,7 DEG K

X Q BTU/SEC/FTxe2 CFKS Q BTU/SEC/FTex2
TGRBULENT TURBULENT LAMINAR
3 0.500 0,131718E 03 0.87637GE-02 0.121495E 93
5 1.000 0.,1114388E 03 6.741775E-02 0.359104E 02
= 1,540 0,101586E 03 0.675890E-02 0.701455E 02
= 2,000 0,952803E 02 0,633935€E-02 0.607478E 92
3 24,500 0.,907552E 02 0.605828E-02 0.583345E 02
3.0&0 0.872758¢ 82 0,580677E-02 0.49600LE 02
3,500 0.340764E 02 0.562052E-02 0,459210E 02
%.000 0.821512€ 02 0.546582€-02 0.829552€ 02

CALCULATION WITH CORRECTION FOR CONICITY

W G D oo

X IN RE PE_ CP(NEWT) CP(TC) Q(LAM) Q(S-S) Q(sS-C) THE
0.500 OQ.,1438E 05 4,35 1,152 1.225 120,481 13C,1s5 73,086 7
1.900 0,2835E 05 4,72 1,131 1,203 83.890 108,779 64,908 7
1.500 0.%384E 05 4.59 1,110 1.181 67,665 97,861 60,699 7
2,000 0,581:E 05 1.089 1,159 57.882 90,61 57,724 7

]

]

BERYS
g

2,500 5.1281: 05 1,069 1.137 51,131 85,187 55,558
3.000 0.3772E 05 1,116 86,093 30,847 S3,.820
5,380 0,1026E 06 1,430 1.055 82,136 77,218 52,365 65.R1
N, 000 O0,1177E 06 1,011 1.07% 38,613 74.088 51,109 6.72

i ,A.il.m,ll [ Ui
wWEres
*® & &




APPENDIX D

Heat Transfer on & Sphere and & Blunt 50° Half-Angle Cone

Stagnation point heat transfer
The theory of Pay and Riddell (Ref. 1) is used to
predict the stagnetion point heat transfer. The forculs used is :

Poby 0.1 du, 172
1= 0.763 Pr“o’s(peuc)°‘5(g~;—) (3;-}9 h, = hv]
ee

Using & modified Newtonisn theory, the velocity grae
dient at the stagnstion point of 2 body with radius, Rn’ is

given by :

du Py
s ‘g R‘ 9o

whare Ptz iz the stagnation pressure. Submcript ¢ relers to
conditions just cutside the bouzdary layer, subscript w to wail
conditions and sudacript ¥ to the stsgnation point,

The total enthelpy hﬁ vas gssuesd egual to the valus
in the soszzle reservois, calculated for reel nitrogen from the
messurezents of pg #nd Tg. The wall enthalpy h' ¥as taken with
sufficient accuracy to correspond to T = 293°E, The viscooity
of nitrogen wves found froe Sutheriapd's formula (Ean., C.6) vith
the wvalue of Te, the static temperature behind the shock calcuw
lated fros LR taking into account the departure from s perfect
£35 due to vibrational excitation (Ref. 1k}, The stagnation
point pressure, ptz, vas Zeasured snd the densities Pasr ¥,
wers then obtained from p*z &nd Ee, Tv using the perfect gus
lnw, A Prandtl pumber of 0,715 vaz assuxmed,

Curves taken from the Lees similsrity theory (Ref, 3)
sre used $0 predict the heat tranefer rate, in rvelstion to the
stagnation point heat transfer downsiresw of the stagneiion

point for these body shapes,

o L1 A,
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TABLE 1.  POQSITION OF INSTRUMENTATION .

MODELS A, B, DSE ARE GIVEN IN FiG3.

MODEL C

GALGE t1218141516 ;7 1|8 [ (12
S |036|495| 119519952395 2s9elss0s|amslcms | s
3 s/Rn 0-4% |11 | 1364 253|319 |396 |4 52| 585| 79| 852
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LONGSHOT TEST CONDITIONS, RUM NO,285 AT 7.6, IN, FROM NOZZLE EXIT,

AND 4,6 FROM CENTRELINE

T(MS)

HACH NO

P(PS1)
QD(LB/FT**2)

0.000
19.718
0.158789E-01
0,622343E 03

LONGSHOT TEST CONDITIONS, RUN N0.291 AT 7.2 iN. FROM NOZZLE EXIT,

PO(PS1)
POP(PSI)
T(K)
Q(BTU)

0.583498E 05
0.688585E 05
0.393400E 02
0.687024E 02

TO(K)
TOP(K)
RHO
TT2R(K)

0,240516E 04
0.309855E 04
0.181817E-94
0.264564E 04

AND 4,4 FROM CENTRELINE

T(MS)

MACH NO

P(PSI)
QN(LB/FTx*2)

6.009
19,208
0,111158E-01
0.413437E Q3

PO(PSi)
POP(PSI)
T(K)
Q(BTU)

0.376553E 05
0.412278E 05
0,367024E 02
0.485692E 02

T0O(K)
TOP(K)
RHO
TT2R(K)

0,222620E 04
0,274521E 04
0.136425E-04
0.231505E 04

PITOT(PSY)

RE/FT
V(FT/SEC)

CONDENSATIONM

0.896696E 01
0.297866E 07
0.827392E 04
0.359004E 02

PITOT(PSI)

RE/FT
VIFT/s. ™)

CONDENS ., I0ON

0,536936€ 01
0,229039E 07
0,778524E 04
0.346679E 02

LONGSHOT TEST CONDITIONS, RUI i10,292 AT 8,5 1l FX0" HOZZLE EXIT,
AND 4,9 FT0!1 CENTRELLIIE

T("1S)

ACH D

P(PS1)
NN(LB/FTx+2)

0.00n
15,125
0.,976932E-01
0.225301E 04

TABLE 3

PO(PSI)
POP(PSI)
TUD
N(RTY)

N,579779E 05
.6829171F 25
n.6L6NC _ 02
0.126923E n3

T2(K)
THP(K)
RN
TT22(K)

N,234936E 04
0.30209LE 04
¢.681124E-04
0.256365E G4

PITAT(PSI)

REJFT
V(FT/SEC)

CO'IMENSATINY

,292399C 92
N.613917E 7
N,813361E T4
0.437353E 02

TYDPICAL TEST SECTION CONDITIONS
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